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1.0 INTRODUCTION

The object of this study is to develop polarimetric methods to de-
tect the presence of optically active materials, particularly DNA
(deoxyribonucleic acid) or its congeners in soil suspensions. Provided
that such methods can be developed, the determination of the existence
of life (as known terrestrially) on other planets may be accomplished

by remote instrumentation. Th
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cotton region of the spectrum associated

with optically active biclogical compounds is of principal interest
here because of the intensely high activity in the absorption bands of
such materials.

In the previous report to NASA (Second Quarterly Report, 20 March
1963 to 19 June 1963), it was pointed out that certain problem areas
have materialized in using the Rouy-type polarimeter. Results indicate
that the measurements performed upon this instrument are qualitative
rather than quantitative. These problem areas are as follows:

(a) The presence of reflecting surfaces which are located between
the polarizer prisms and analyzer prisms result in the generation of
elliptically polarized light, The amount of this light generated de-
pends upon the angle with which the plane polarized beam makes with the
reflecting surfaces. This elliptically polarized light can pass through
the analyzer prism. Since the Rouy-type polarimeter contains two
polarizing prisms, the positioning of the optic axis of these prisms with
respect to the reflecting surfaces is critical. If the optic axes of
the polarizing prisms are at different angles with respect to the re-

flecting surfaces, different amounts of elliptically polarized light



pass through the analyzer prism.

(b) The state of the art in preparing glan prisms has not achieved
the state necessary for making precise optical rotatory measurements.
The transmission of these prisms decreases rapidly at short wavelengths
as a function of wavelength. In addition, the transmission of any two
glan prisms at fixed wavelengths has proven impossible to match equally.

Theoretical consideration of these problems ;n the new ratio;'of
electronic outputs,the difference to a constant, indicates that ghe
measurement of optical rotatory dispersion should not be affected. The
Cary model 15 spectrophotometer has been modified to pérform these
measurements. The polarimetric components for insertion into the sample
and reference chamber of the spectrophotometey were illustrated in
figure 3 and figure Ly in the second quarteriy report to NASA (20 March
1963 to 19 June 1963).

Since the Rouy-type polarimeter at present is capable of giving
only qualitative results, the effort during this last period has con-
centrated on the use of the new electronic ratio, the difference to a
constant, in obtaining quantitative optical rotatory dispersion measure-

ments of the optical activity of aqueous extracts of soil.



2. BACKGROUND

A complete theoretical development of the new electronic ratio,
the difference to a constant was presented in the first quarterly
report to NASA (20 December 1962 to 19 March 1963). This ratio can
readily be measured on a double-beam instrument in which one beam
contains both a polarizer and an analyzer prism, and the other beam
contains only a polarizer prism. By setting the optical axis of the
analyzer at an angle of (+@ ) and then at (-8) with respect to the
optical axis of the polarizer, optical rotation in the presence of
absorption, scattering and circular dichroism may be determined.
The key to this method is that one beam of plane polarized light is
directed through a sample and allowed to fall on an analyzer prism.
The 1light which passes through the analyzer then impinges on a photo-
multiplier tube, The other beam following a path containing only
the polarizing prism and sample also impinges on a matched photo-
multiplier tube, The ratio of the currents which are produced by
the photomultiplier tubes results in a function which is linear
with respect to the optical activity of the sample, The relation-
ship which expresses the ratio of the difference to a constant, in

terms of optical activity, is represented by equation (1).

[ (Ach)Q]
R=ltec [ 1 -5 (1)
where
R = the ratio of the difference to a constant
o« = anguiar rotation of the sample in radians
t = tan O, where 6 is the angle between the optical axis of



the analyzer and the optical axis of the polarizer

AK

difference in absorption coefficients associated with
circular dichroism, the unequal absorption of right
and left circularly polarized light by an optically
active sample.

1 = path length

¢ = concentration of the optically active solution

In the second quarterly report to NASA (20 March 19€3 to 19 June
1963), the problem of unequal transmission of the glan polarizing prism
at specified wavelengths was considered in this ratio; it was shown
that in contrast to the Rouy approach, the measurement of optical
rotation should/not be effected by this effect.

In addition, optical activity can also be measured by using a
simple ratio in which the optical axis of the analyzer is fixed at an
angle of either + L5 or - L5 degrees with respect to the optical axis
of the polarizer., This approach also permits the measurement of the
optical activity of a sample which exhibits absorption, scattering, and
circular dichroism. The theoretical development of this method is given
in the Appendix. The simple ratio, R, (see Appendix) may be expressed
in terms of angular rotation (<) and the dichroic effect (AK) by equation
(2) or equation (3), depending upon whether the angle between the optical

axis of the analyzer and polarizer is set when at +45 or -L5 degrees,

respectively,
B 2
R' = 1 + 2t Ll-ﬂg-lfl] (2)
2
R! = 1 - 2t Ll--(—A—Ié}El] (3)




Consideration of the unequal transmission of the glan polarizing prisms
here indicated that it should not effect the measurement of optical

rotation by this method either,



3, EXPERIMENTAL PROCEDURES

A1l rotatory dispersion measurements were performed on the Cary, model
15, spectrophotometer containing the specially designed inserts which were
described in the second quarterly report to NASA (20 March 1963 to 19 June
1963), The optical components which make up these inserts were aligned on
an optical bench. The angular settings of +45 and -45 degrees between the
optical axis of the analyzer and polarizer were determined by measurement
at the sodium D line on the Rudolph polarimeter, model 70, It was necessary
to remove the half-shade prism and the polarizer to perform this operation,
The sample insert containing only the polarizing prism was aligned in the
Rudolph polarimeter. The plane of polarized light emitted from this
prism was determined by the rotation of the analyzer prism located within
this polarimeter. The analyzer prism in the Rudolph polarimeter was then
either rotated +45 or -L5 degrees from this point. The polarizing prism
contained within the sample insert was removed and replaced by the
analyzer prism, This prism was then rotated until a null was achieved,
Thus, the angle between the optical axis of the analyzer and polarizer
could be set either at +L5 or -L5 degrees.

Water, 0.15 N HC1l, 0,15 N NaOH, and 0,5 N NaOH extracts of soils,
obtained in the vicinity of Melpar, laboratories were prepared in the
following manner, 200 g of dried soil was treated with 137.5 ml of
water, and resulting mixture stirred for two hours, This was found
to be sufficient time for resaturation of the supernatant to occur., The
water-soluble extract was then separated from the solid materials by
centrifuging in an International centrifuge. The supernatant was decanted

from the solid material and filtered throughaO,L5-micron millipore filter.

10
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The volume of supernatant collected was approximately 60 ml, The con=-
centration of dissolved components within the water soluble extract was
about 0.65 mg/ml.

The acid-soluble extract of soil was prepared by adding 55 ml of
0.15 N HEC1 to 50 g of dried soil. This mixture was stirred for 18
hours to ensure saturation of the supernatant. Separation of the super-
natant from the solid material was as described for the preparation of
the water-soluble extract. The volume of acid-soluble extract collected
was 35 ml. The concentration of dissolved components in this extract
was found to be approximately 1ll.L mg/ml.

Both the 0,15 NaCOH and 0.5N NaOH extract were prepared in a manner
similar to the acid extract. Because of the nature of these extracts,

a Spinco, model L, preparative ultracentrifuge was necessary to separate
the extract initially from the solid material., This step required a speed
of 10,000 rpm from 1 hour, A O.l5-micron millipore filter was also used
for the final separation., The volume of both extracts collected was
around 33,8 ml., The concentration of dissolved components in these ex-
tracts was found to be 7.7 mg/ml.

An indication of the extraction efficiencies of the various solvents
is received by noting that the optical measurements were performed on the
water-soluble extract without any dilution, The acid-soluble extract
required a dilution of 1:2 and a dilution of 1:100 was required for the
base soluble extractse.

A1l optical rotatory dispersion measurements were repeated a minimum
of three times. These repeated measurements were necessary because of a
drift in the base line which was caused by using the Cary spectrophotometer

&g a polarimeter,
11



Reagent~grade sucrose used in these experiments was obtained from
Fischer Scientific Co. D and L tartaric acid, adenosine and L tryptophan,

2ll of A grade classification, were obtained from Cal Biochem,
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.0 RESULTS

Although the theoretical development of the electronic ratio, the
difference to a constant, or the simple ratio, indicated that polarimetric
measurement could he made on optically active substances in the cotten
region of the spectrum, experimentation was necessary to prove the
validity of these theoretical considerations.

To be ahle to apply both the ratio, the difference to a constant,
and the simple ratio, the angle between the optical axis of the analyzer
and polarizer had to be set at +45 and the -L45 degrees. Measurements
indicated that the transmission of the Glan analzyer prism was not the
same at each of these settings. These results are shown in figure 1.
Although the Spectral absorpticns of both prisms are superimposable
for both settings, the angular setting for +45 degrees had a transmission
of about 3 per cent greater than that of the -45 degrees over the spectral
range examined.,

This result lead us to concentrate on the simple ratio, since the
simple ratioc requires only one angular setting cf either +45 degrees or
-1i5 degrees between optical axis of the analyzer and polarizer, in con-
trast to the use of the difference to a constant ratio, which requires
the use of both angular settings. In addition, for one given angular
setting between the optical axis of the analyzer and polarizer, the
absorption term(e_kc) assoclated with the absorption of planespolarized
light by the analyzer prism cancels when considered in %'and E of
equation 1 (See appendix). £vidence of this absorption is show iﬁ figure

2, where a comparison is made between the transmission of the polarizing

13
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prism and the transmission of both the polarizing and analyzer prisms
for which their optical axes are parallel,

It was also desirable to determine whether all of the light passing
through the polarizing prism was plane polarized. This was accomplished
by setting the optical axes of the polarizer and analyzer perpendicular
to one another. The results of these measurements are shown in figure
3, The maximum amount of unpolarized light passing through the analyzer
prism occurs at ébdut 585 mp. The percent transmission is about 1.7 x
1072, This indicates that only O.1l4% of the plane-polarized beam is
unpolarized because the total percent transmission at this wavelength
for an angular setting of L5 degrees between the optical axis of the
analyzer and polarizer is 12.3.

To test the validity of measuring optical rotation by the simple
ratio as represented by equation (2) and equation (3) (See section 2.0),
the optical activity of sucrose was measured in the wavelength range from
650 my to 290 myu. For this series of measurements, the angle between
the optical axis of the analyzer was set at +L45 degrees to obtain as much
transmission of plane-polarized light through the prisms as possible.

For this angular setting, the relationship between the simple ratio and
optical activity is represented by equation (2). Because sucrose ex-
hibits no absorption peak in this wavelength region, the dichroic term
(AK) in this equation can be considered negligible., The results of these
measurements for two sucrose solutions which were prepared to give a

two~-cegree and four-degree rotation at the sodium D line are shown in

16
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figure L. The triangular points represent the angular rotations calculated
from the specific rotations of sucrose obtained from the literature
(Handbook of Chemistry and Physics, 35th Edition, Chemical Rubber Pub-
lishing Co., p. 273L). Figure lj shows that the angular rotation cal-
culated from the literature is in agreement with those obtained by
measuring the simple ratic. The reproducibility of these measurements
is wi egrees. Theoretical considerations, however, indicate
that the Cary, model 15, spectrophotometer should give agreement within
0.l degrees at an angular setting of +45 degrees between the optical
axes of the analyzer and polarizer. The reason for this discrepancy
appears to be a drift in the instrumental base line. The positioning
of a polarizing prism in the reference beam of this spectrophotometer
causes this drift because the automatic slit control depends upon the
transmission of the reference beam., The prism in one reference beam
absorbs strongly, the slit opens to balance the circuit, and above a
s1it width of 0.25 mm there appears to be poor reproducibility. In
the ultraviclet region of the spectrum, this shift is even mocre pro-
nounced hecause the transmission of the Glan prisms is below 10 per-
cent, Based upen the finding above, the Cary spectrophotometer was
used as a single-beam instrument for sclutions with an optical density
above 0.5. In other words, each individuzl transmission (E) which is
designated by equation (1) (see appendix) was measured separately.

From equation (2) or equation (3) (See Section 2), the simple ratio
(R'), plotted as a function of angular rotations ( @), should be

symmetrical about 1 when the angle between the optical axis of the
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analyzer and polarizer is set at either +45 or -L5 degrees. This is
because the cos 2 a term in equation (7) (See appendix) becomes zero.
dxperimentally, this may be shown to be valid in the following manner.

The angular rotation of the D and L form of tertaric acid should be of

the same magnitude, but different in sign. The optical rotatory dispersion
curves for 10% solutions of D and L tartaric acid for the wavelength

range from 350 to 250 my are shown in figure 5. For a given wavelength,
the angular rcotation for both forms of tartaric acid are the same, but
opposite in sign.

In the theoretical development of the simple ratio, an assumption
that the scattering term (2) in equation (La) or equation (Lb) (see
appendix)may be neglected because this quantity is small compared to the
total intensity as seen by the photomultiplier tube. There is some
experimental evidence to indicate that this assumption is valid. The
water-soluble extract of soil, when freshly prepared, is clear; upon
standing overnight, however, it becomes cloudy. Absorption measure-
ments upon the clear and cloudy extract indicate both curves to have
the same shape but with a difference in optical density. Figure 6 shows
these absorption curves., DBased upon these observations, it appears
that finely divided particles of silica precipitate and scatter light.
Opticel rotatory measurements by the simple ratio indicate no differences
in angular rotation between these solutions. The results of these
measurements are shown in figure 7. Thus, it appears that the presence
of particles capable of scattering light have no effect on the measure-

ment of optical activity by the simple ratio technique.
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Further examination of figure 6 reveals an absorption peak at
approximately 250 my for both the clear and cloudy extract. From figure
7, there appears to be a cotton effect associated with this absorption
peak with a minimum at 255 mp and a maximum at approximately 2Ll mp .
The specific rotation at this minimum is calculated to6 be approximately
~3.7 x lO+h degrees.

Figures 8 and 9 show the absorption and the optical rotatory dis=-
version curve, respectively, for the acid extract of soil. Comparison
of the curves in these two figures with figure 7 indicates that the
ahsorption peak is still present at 250 mi, whereas the cotton effect
is no longer apparent. It appeared that substances present in the
waber-soluble extract were hydrolyzed in acid solution. To substantiate
this conclusion further, the specific rotation for the acid=-soluble
extract at 255 mu was calculated to be approximately -L.7 x lO3 degrees.,
This is a considerable decrease in specific rotation when compared to
that of the water-soluble extract, =3.7 x th degrees.

Although the acid-soluble extract has a lower specific rotation
than the water-soluble extract, the components in the soil are far more
solubie in acid solution. The concentration of a saturated solution
of the acid-soluble components was found to be 11.lL mg/ml, whereas a
saturated solution of the water-soluble components was only 0.65 mg/ml.

The absorption and optical rotatory dispersion curves for the base-
soluble extract of soil are presented in figures 10 and 11, respectively.
Separate samples of soil were treated with 0,15 N NaOH and 0.5 N. NaOH

soluticns. Because any RNA and DNA present in the soil are normally

2l
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found in the humic acid fraction or base-soluble extract of soil (G.
Anderson, Soil Science, L8, 169 (1958), it was expected that, by using
the more basic solution, any RNA present in the soil would hydrolyzed.
Thus, the angular rotations for 0.5 N NaOH extract would be more positive
than for the 0.15 N NaOH extract. This is based upon the fact that
the dispersion curve for adenosine in figure 12 indicates positive
rotations in the wavelength region from 260 to 230 muy . The more basic
extract, however, doeé not appear to have any measurable rotation in
this wavelength region except below 240 my, where it exhibits negative
rotations. It appears as if the more basic solution is capable of
destroying the optical activity. A comparison of the absorption curves
for both extracts in figure 10 indicates that they are superimposable,
suggesting that the same chromophores are still present in both extracts.
It may be that negative rotations observed for the acid-soluble and
the 0.5 N NaOH extract could be caused by the presence of proteins or
its hydrolysis products, since the rotatory dispersion course of L-
tyrphophane (figure 13) a representative protein component, shows strong

negative rotation,

29
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5.0 CONCLUSTONS

The data presented indicates that the theoretical development
of the electronic simple ratio for obtaining optical rotatory dis-
persion measurements is valid, Common instrumental problem areas,
such as the unequal transmission of the glan polarizing prisms,
which render the Rouy-type polarimeter a qualitative instrument
do not appear to affect the optical rotation measurements by the
simple ratio technique.

The use of the Cary, model 15, spectrophotometer as a polari-
meter can introduce errors as large as 0,5 degrees into the measure-
ment of optical rotations because of the automatic slit control,

These errors are the result of a drift in the base line, Several
measurements on the same sample, however have reduced this uncertain-
ty to about 0.1 degrees,

The results of the optical rotation measurements on water,'aqid,
and basic soluble extracts of soil indicate that the specific rotation
at 255 mu for optically active components in the 0,15N HC1l and 0.5N
NaOH are lower than the rotations found for the water-soluble and
0.15N NaOH extracts,

A comparison of the rotatory dispersion curves for both basic
extracts shows that they are different in the wavelength region from
280 to 230 mu, The more basic extract does not appear to have any
measurable rotation, even though the absorption curves for both ex-
tracts are superimposable. This evidence suggests that the use of the
more basic extraction process results in hydrolysis of chemical bonds

responsible for the optical activity of the 0.15N NaOH extract.

32



The positive rotations observed for 0,15N extract in the wavelength
region from 260 to 230 mi indicate the possible presence of nucleic
acids or their derivatives, This is based upon the fact that adeno-

sine in this wavelength region also exhibits positive rotations.
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6.0 SUMMARY

An apparatus has been designed and incorporated into the Cary,
model 15, spectrophotometer which permits premeasurement of optical
rotation in media which exhibit absorption, scattering and circular
dichroism. The theoretical development of this approach is presented,
The optical rotatory dispersion measurements performed on solutions
of sucrose, D and L tartaric acid, and water-scluble extract of soil
have established the validity of this development.

Optical rotatory dispersion measurements have also been obtained
on pure water, 0.15N HCl, 0,15N NaOh and 0.5N NaOh soluble extracts
of soil. In the wavelength region from 230 to 280 mpu both the
water and acid-soluble extracts of soil exhibit negative optical ro-
tations. The 0.15N NaOh extract of soil shows a positive optical
rotation in this wavelength region. The 0.5N NaOh extract indicates
no measurable rotation in this wavelength region. Below 210 mu, how-
ever, the more basic extract negative rotations. The use of the acid
and 0,5N NaOh solution as extraction agents resulted in a decrease
in their specific rotations when compared respectively to the water
and the 0.15N NaOH extract. For the basic extracts, the use of the
more basic solution apparently results in a rupture of the chemical
bonds responsible for the optical activity in the less basic extract.
The positive rotations obtained for the less basic extract may be
caused by the nucleic acids or their derivatives.[ It is planned that
both RNA and DNA, as well as their monomucleotides, will bhe treated
with 0.5N NaCh to determine what effect this base has on the dispersion

curves.
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The reason for the acid-soluble extract having a lower specific
rotation than the water-soluble extract will also be explored., Since
both these extracts have negative specific rotations, the possibility
that proteiné or their hydrolysis products are the cause of these
negative rotations will be investigated,

The adaptation of the Cary spectrophotometer for these measure-
ments has given rise to an instrumentation problem. This is the
drifting of the base line due to the electronic components associated
with the automatic slit control and readout. It is hoped that this
problem may be overcome by obtaining the output of the sample and re-

ference phototubes directly.
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7.0 PROGRAM FOR NEXT PERIOD

The work performed during the past report period was directed
toward two objectives: (1) validation of the theoretical conclusions
reported in the previous period, that is, the use of the electronic ratio

described as the "difference to a constant" and the simplified ratio of

the attenuated energy of a single polarized beam divided by the unattenuated

polarized beam; and (2) development of practical systems and processes
for t he rapid and efficient extraction of optically active substances
from soil,

Both of these objectives were achieved; the minimum information
required for establishing the feasibility of this approach to detection
of extraterrestrial optical activity has been obtained., Effective
boundary conditions, however, must be established before firm engineering
design goals can be defined., Work for the next reporting period will
be directed toward the quantitative explication of the processes out-
lined during the present work period. Specifically, the optical rotatory
dispersion spectra of pure RNA, DNA, etc, subjected to the various
extraction procedures described in this report will be determined.
Additional extraction processes will be considered, along with optical
rotatory spectra of some other complex biological materials which may

be considered generally characteristic of life, e.g., chlorophyll,
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8.0 APPENDIX

Theoretical Development of Modified Form of
Ratio of Difference to a Constant

It may be shown that a linear relationship exists between the

modified form of the ratio of the difference to a constant and the

7 s

angular rotation of an opti

0

ally active substance under specific
conditions. By using a double-beam instrument in which one beam
contains both a polarizer andanalyzer prism and the other beam contains

only a polarizer prism, this ratio may be defined by equation (1)

(1)

wheres:

E

the intensity of a light beam as seen by a photomultiplier
tube in the absence of an optically active substance. This beam contains
an analyzer prism where its optical axis is set at either an angle of

+0 or -0 with respect to the optical axis of the polarizer.

Ec = the intensity of a light beam as seen by a photomultiplier
tube in the absence of an optically active substances and an analyzer
prism.

E' and Ec' = the intensity as seen by the photomultiplier tubes in the

presence of an optically active substance at the same settings under

which E and Ec were measured, |
Mathematically, E may be represented by equation (2)

E = A% cos%0 (2)
where:

A  represents the amplitude of the plane polarized beam and
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cos. © . -represents the projection of the plane-polarized beam on
the optical axis of the analyzer prism.

E, may be represented by equation (3)

E =42 . (3)

To obtain optimum sensitivity in the range where the photomultipler
tubes operate with essentially the same response, 2 neutral density filter
with transmission, T, may be placed in the beam which does not contain the
analyzer prisme.

Equation (3) may now be written as

E =A% . (3')

Ec can be set equal to E:

E=A200520 =EC=A1_-

therefore:

T = 0032 0.
If an optically active substance which exhibits absorption, scattering,
and circular dichroism is placed in both beams, equation (2) may be
rewritten as equations (La) or (Lb), depending upon whether the substance
is dextrorotatory or levorotatory.

kfc _-kch _kpfc klc 2

E! -%Aze" e (e —— te —'12‘ ) cos? (0-a)
P ke -kJfc _kRJ?c ‘kL/Qc 2 5
+1 A% e & (e = 5— - ) sin®(e-a) + 2
4 2 2
(La)
kfc -k fc -k fc X fc 2
E! = .1‘.A2e e -% (e Izi +e 12‘ ) cos“(6+a)
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+ 34% e (e e —=—) sin® (o+a) + I
' (Lb)

2
5 ~kfc -kefc -k fc i —kLXc
2

wheres

Z = amount of unpolarized light passing through the analyzer
since scattering resulis in depolarization of plane polarized light.
a = angular rotation produced by the solution
k = absorption coefficient associated with the adsorpiion
of right and left circularly polarized light by a chromophore.
kR’ kL = agbsorption coefficients associated with the absorption of
right and left circularly polarized light because of the interaction of

an asymmetric enviromment with a chromophore.

ke = scattering coefficient
{ = path length
¢ = concentration of optically active solution

Under the same conditions, equation (3') may be rewritten as equation

(5) in which 1 = COSZOO
: ~kfc -k c -k Yc k. Ac
E! = %A2e e ¥ (e RQ + e )eose (5)

Substitution of equations (2), (3'), (La), and (5) into equation (1),
cancellation of the common terms in both the numerators and demoninators,

and taking advantage of the trigonometric identities:

[}
—

2 . 2
cos x + sin x

cos 2 X

2 . 2
cos X - sin X

leads to equation (6).
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-knfc 'kRQC
. kS o1 . e—3 e — rcosZ(Q—a) (6)
Ky 2c0s% { Kpde 'kac] 2
e e cos ©

The Z term in equation (Lha) may be negelected in this treatment because

this quantity is small compared to the total intensity, as seen by the

Substituting the trigonometric relationshipst

2c0320 =1 + cos 20
1-t° 2t
cos 20 = 5 and sin 20 = 5
1+t 1+t
where:s
t = tan ©

into equation (6) and simplifying, results in equation (7)

. "kLg c . -kRX C
1+t e 2 2 .
7" ~kLXc -kRXc [(1-t Jcos 2a + 2t sin 2a

e + € (1)

w
n

R =

S
k
o

If we set © equal to 45° tan © = 1. Substituting t=1 into equation (7)

yields equation (8)

VL}c kkfc
kg 5 ¢ (8)
R=sem—=14+ 2 sin 2a .
ko -kLXc -kklc
e + e

By ailowing © = hSo, the (l~t2)cos 2a term in equation (7) becomes equal
to O,
Multiplying both the numerator and demoninator of equation 8 by
kR}c AkLRc
2 T2
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leads to equation (9)

(kL - kR)zpc

k €
2 .
R= —= 1 + (2 sin 2a). (9)
ko . (k- dglhie .1

pkfc (K -kep ) c,

If we let x = —5= = 5 equation (9) may be written as
kS X
R=:==1+—— (2 sin 2a). (10)
o e T+l
X
Both T and sin 2a can be expanded in a power series
e + 1

around gzero.

< 1fa xl ot (11)
&, [ T YT ]
2 I
sin 2a = 2a [1 (g"? B — ] (12)

It can be readily shown that the series represented in equations (11)

and (12) converge for all values of x and a. In addition, the series
represented by equation (12) converges rapidly when -1 < a <1. If R

is plotted as a function of a, it should be symmetrical with respect to
the a axis because only even-power terms existed in the series represented
by equation (12). The series represented by equation (11) is independent
of the sign of x because only even powers of x exist in this series, and
it also converges rapidly -l<x < 1. Subsﬁitution of equations (11) and

(12) into equation (10) and combining terms results in equation (13).



k 2 2 3 5
R = ki =1+2a [1 - —5——(“‘1") - [1 - LA“%") H(g‘;) - i?.g%__]

o

L 1 3 5
+ [—g—r—i ?k‘fc)] - [20 -(2—;{' + 2a)” _______ (13)

For angular rotations less than 6°, equation (13) reduces to equation (14).
k ° 2
R=g—=1+2a [1-@‘8-’?—"1—] . (1k)
o
If it is considered that the intensities of both beams in the polarimeter
may differ, equation (3') can be rewritten as

2

E, = B'x (15)

where:
B = amplitude of rlane-polariz=d beam in the channel which contains
tne ucutral density filter.
Since Ec # E in equation (2), it can be assumed that t ¥ coszo; therefore,
in the presence of an optically active substance, equation (5) in modified

to equation (16)

Ecl } % p2e-kle ke (e gle e“‘L"’) . . (16)

Substitution of equations (15), (16), (2), and (La) into equation (1), and

again neglecting the e term, leads to equation (17).
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’ 2
.k kic -k e  -kJé - <kl¢
‘ = - = 2 € R ’ L 2
R »'ko %A .e e (e—T— +Ae‘-—-—2~——) cos” (9-x)
2
-, -k ye ke
+ 3 a%emile -k to (e ==%s= Te g ) sin %(0-a)

4

A2 c0320

B f(}7)
Cancellation of the common terms in both the numératgr éndbdenominator,
and taking advantage of the trigonometric identitieé:
cés?xff sin’x = 1

2. . 2
cos X + sin x = cos 2x

‘equation (17) may be rewritten as equation (18).

R Ks 1, e'kL‘(("/;f;; . kog cos 2(6"4) {18)
ko ‘ 200320 :

[Jz'ktk + 4"“‘“]: cos’@

Equation (18) is the same as equation (6); therefore, the ratib,,ﬁ,_is still

related to angular rotation by equation (1l).
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